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I -INTRODUCTION
Over the last few years, numerous methods have been developed to satisfy the need for optically tunable pulse delay lines involved in various applications including optical buffering, routers and packet synchronization [1] . Researches on slow light or tunable delay lines are currently focused on the design of all-optical devices which are compatible with high-speed fiber-optic communication technologies. Several demonstrations of controlling the group velocity of light pulses in optical fibers have been reported using either gain-dependent variation of the refractive index or wavelength conversion followed by dispersion. Slow-light delay lines based on a variation of the refractive index associated with a gain have been demonstrated via stimulated Brillouin scattering (SBS) [2, 3] , stimulated Raman scattering (SRS) [4] , optical parametric amplification (OPA) [5] and Raman assisted parametric amplification [6] . An alternative strategy consists of exploiting the spectral variation of the group velocity of an optical fiber by combining wavelength conversion, group-velocity dispersion and wavelength reconversion. More explicitly, in a first stage, the signal beam is converted into a different wavelength by means of a nonlinear process. Then, in a second stage, the frequency-shifted wave travels through a strongly dispersive medium so as to undergo a time delay and finally, the time-shifted beam is subsequently frequency shifted back to the original wavelength by means of another similar nonlinear process.
The last few years, several demonstrations of this hybrid technique have been proposed based on various nonlinear processes involving self-phase modulation (SPM) [7] or multiple-wave mixing approaches [8] [9] [10] [11] [12] [13] [14] [15] . In particular, differential signal delays above 100 ns have been obtained very recently in optical delay lines based on wavelength conversion taking place in highly nonlinear fibers (HNLF) [11] or periodically-poled Lithium Niobate (PPLN) [12] . Other original schemes have also been proposed which take benefit of the peculiar features of optical soliton collision [16] as well as soliton self-frequency shift phenomenon (SSFS) [17] . Generally, all the above mentioned techniques present advantages and limitations which depend on the features of the initial signal pulses to be delayed (duration, repetition rate, power or wavelength...).
In this paper, we present a novel method for generating variable large delays based on the hybrid technique of wavelength conversion and dispersion, where the nonlinear wavelength conversion is achieved via the modulational instability (MI) of two orthogonally polarized pump waves with different frequencies copropagating in a polarization maintaining fiber (PMF) [18] [19] [20] . More precisely, we theoretically show that delays could be obtained over a wide range by simply adjusting the wavelength separation between the two pumps. The remarkable features of this new tunable delay line (TDL) are its compatibility with both short (ps) or long (ns) pulses and the small fluctuations of the output peak power. Furthermore, we have numerically evaluated our scheme in terms of system performances by monitoring the eye-diagram of a delayed 40-Gbit/s optical signal.
II -MODULATIONAL INSTABILITY IN A HIGHLY BIREFRINGENT FIBER
Throughout this work and as shown in Fig. 1 , we consider a lossless fiber with a strong intrinsic birefringence, in which two waves vibrating at different angular frequencies ω p and ω q , polarized respectively along the fast (x) and slow (y) birefringence axis, copropagate along the z axis in the normal dispersion regime. Under the usual slowly-varying envelope approximation, the amplitudes E p and E q of the two electric fields are found to satisfy the following set of coupled nonlinear Schrödinger (NLS) equations [21] :
where β 2 is the group-velocity dispersion (GVD) coefficient, which is assumed to be the same value along the two axes for small frequency separations ω q -ω p = ∆ω, as considered in this work. γ designates the nonlinear Kerr coefficient and δ the group-velocity mismatch (GVM) of the two waves defined as:
where δ 0 = ∆n/c is the GVM in the case of two identical frequencies (∆ω = 0) and ∆n designates the intrinsic birefringence of the fiber, whose variation as a function of the frequency is supposed to be negligible. As shown by Eq. (2), GVM depends, through chromatic dispersion, on the frequency separation between the two pumps.
Modulational instability in Eqs. (1) is examined by a standard linear-stability analysis applied to the steady state solutions of the NLS equations and yields to a fourth-order dispersion relation that provides the MI power gain spectrum G(Ω), where Ω is the MI frequency [19] . For the sake of simplicity, both pump waves are assumed to propagate with the same power P. In addition, we consider that GVM is sufficiently large so that the input power level P is always much lower than the critical power P c beyond which MI vanishes [20] . Under these conditions only two MI sidebands can exist, a Stokes signal wave ω s and an anti-Stokes idler wave ω i polarized along the slow and fast axis, respectively ( 
The maximum MI gain occurs at the optimum frequency Ω opt whose a good approximation could be obtained by means of the phase-matching conditions of the four-wave-mixing process responsible for MI [20] :
We also see in Fig. 2 (a) that in the case of ∆ω=0, both the MI frequency bandwidth and the maximum MI gain dramatically increase as a function of input pump power. Figure 2 (b) shows the MI gain versus ω s -ω p for different pump frequency separations and an identical pump power P of 5 W. Here, the frequency of the pump wave polarized along the slow axis is variable, whereas the frequency of the wave polarized along the fast axis is fixed. As can be seen in Fig.   2 (b), variations of the pump frequency separation over a range of 3 THz lead to only small fluctuations of the MI peak gain and optimal frequency. Furthermore, Fig. 2(b) shows that, as the GVM increases, the MI bandwidth decreases, as predicted by Eqs. (2) to (4).
Let us consider now that a signal pulse with frequency ω s is launched into the PMF and let us assume that it is linearly polarized along the slow birefringence axis. The frequency detuning between the pump wave with a fixed frequency ω p and the signal pulse is carefully chosen in such a way that the signal frequency falls within the MI-gain sideband. More precisely, this frequency detuning is chosen close to the MI frequency for ∆ω = 0 and can be obtained from Eqs.
(2) and (4):
As shown in Fig. 2(b) , in presence of the second pump wave ω q , for variations of ∆ω on both sides of ∆ω = 0, the signal remains close to the MI peak gain. As a consequence, the signal amplification by the MI process will be only slightly affected by the variations of ∆ω. Under these conditions, a strong frequency conversion occurs via MI and an idler conjugated pulse is generated and amplified at a frequency
. The most important result here is that the frequency detuning between the idler and signal pulses is simply given by :
III -DESIGN OF A LONG TUNABLE DELAY LINE
The proposed delay generator is based on the principle proposed in [8, 9] : first, the signal wavelength is frequency converted in a controllable way and the resulting idler signal is timedelayed through propagation in a dispersive fiber. The wavelength of the time-delayed idler signal is finally frequency shifted back to its initial wavelength. In the scheme presented in this paper, the wavelength conversion stage is ensured by vectorial MI of two pump waves with different frequencies copropagating in a PMF. The variation of delay experienced by the signal is thus proportional to the frequency detuning δω as well as to the GVD coefficient ' 2 β and length L' of the dispersive fiber. As shown by Eq. (6), δω can be easily tuned over a wide range by simply adjusting the frequency separation ∆ω between the two pump waves. ∆ω acts thus as a practical control parameter for the signal pulse delay. The variation of the signal pulse's delay with respect to the case ∆ω = 0 (single frequency regime) is simply given by:
In Fig. 3 , we propose a schematic diagram of such a tunable optical delay line. The pump wave ω q and the signal pulses ω s are combined by a fiber polarization-maintaining (PM) 90:10 coupler.
Their polarization states are aligned parallel. The pump ω q and the signal ω s are then combined with the second pump ω p by means of a fiber polarization combiner. The three beams are then injected into a highly-nonlinear polarization-maintaining fiber (HNL-PMF). The pump wave ω p is polarized along the fast axis, whereas the two other waves are polarized along the slow axis. At the output of the HNL-PMF, a polarizer aligned along the fast axis rejects the signal pulse and the tunable pump ω q . On the other hand, a large bandwidth optical bandpass filter (OBPF 1) rejects the fixed pump ω p so as to select the idler wave ω i . The idler pulse propagates through a span of dispersive standard single-mode fiber (SMF) to undergo the time delay. Similarly to the previous stage, the time-shifted idler pulse is then spectrally shifted back to the original signal wavelength via MI which takes place in a second identical HNL-PMF pumped by both waves ω p and ω q .
Finally, the two pump waves and the idler pulse are filtered from the delayed signal pulse by means of a polarizer aligned along the slow axis coupled with an optical bandpass filter (OBPF 2) centered on the signal wavelength. Let us note that a second identical span of SMF can be used to compensate for dispersion pulse broadening experienced in the first span of SMF in the case where short input signal pulses are delayed. It is also worth noting that since the idler and signal pulses are phase conjugated via the MI process, the chirp profile is reversed during the wavelength back-conversion so that it can be compensated by the same optical fiber than the one used to delay the idler pulse. idler pulse, the delayed signal pulse is filtered with an optical bandpass filter (OBPF 2). As shown in Fig. 4(a) , after passing through the delay line, the signal pulse has preserved its duration and profile. Another noticeable feature in Fig. 4(a) is that the peak power of the delayed signal remains nearly constant for a variation of ∆ω of 3 THz, corresponding to a variation of the delay ∆τ of nearly 380 ps. Figure 4 (b) shows similar results obtained for a shorter signal pulse of 6.5 ps and with the following parameters: P = 20W, ω p -ω s = 3.83 THz and L = 7 m. Note that pulse broadening which occurs in the SMF in that case is compensated with a second identical SMF.
The outstanding features in Fig. 4(b) are that, similarly to the case of the 25-ps signal pulse, the 6.5-ps pulse has preserved its duration and intensity profile, and secondly the peak power variation is rather small.
To study in more details the system performances of the delay generator, we have performed numerical simulations with VPI WDM transmission maker software by considering a degraded 40-Gbit/s pseudo-random bit sequence (PRBS) of 128-bits (after, for example propagation in a usual transmission line). The other parameters are the same as in Fig. 4(a) . Figure 5 Finally, we would like to emphasize that longer delay could be obtained simply by increasing the length of the dispersive fiber (SMF). As pointed out in Ref. [13] , the maximum delay value that can be realized is then essentially limited by the residual dispersion originating from the thirdorder dispersion of the SMF fiber, so that more than 100 ns delay should be obtained for 10
Gbit/s pulses trains.
IV -CONCLUSIONS
In this work, we have numerically demonstrated the efficiency of a continuously tunable delay generator based on vectorial modulational instability of two pump frequencies in a highly birefringent fiber. The proposed technique is applicable to a wide range of pulse durations and delays without any significant distortion and peak power variation of the signal pulses. Moreover, this approach is not restricted to a specific modulation format and is phase preserving so that it could be also suitable for phase-modulated signal. Another interesting point is that the method presented in this paper does not need any bandpass filter tuned to different centered wavelengths but only used bandpass filters centered at fixed wavelengths. Finally, the power level necessary to obtain a wide bandwith is on the same order of magnitude as for methods using Raman amplification [3, 6] but remains about one order of magnitude higher than those required in techniques based on Brillouin or dual-pump parametric amplifiers [2, 13] . Nevertheless, this power could be significantly reduced by using more nonlinear HNLF, such as a photonic crystal fiber. We believe that these results may be relevant for various applications including optical buffering in telecommunication systems. 
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